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Abstract

Advancements in electronics and energy storage and conversion technologies brings with it
myriads of exciting material design challenges. Charge-containing block polymers offer unique
features which can overcome some of these challenges and have thus aroused substantial interest
within the field of designer soft materials. The properties of block polymers are intricately
coupled to the dynamic and rich nature of the nanostructured assemblies which result from the
phase separation between blocks. The introduction of strong secondary forces, such as
electrostatics and hydrogen bonding, into block polymers greatly influences their self-assembly
behavior, and therefore affects their physical and electrochemical properties often in non-trivial
ways. In this review, we present some of the prevailing research which has expanded our
understanding of structure-property relationships to include several design strategies for
improving ionic conductivity and modulus in charged block polymers. We also highlight the
profound extent to which electrostatics and hydrogen bonding impact block polymer
thermodynamics, an extent which has been demonstrated by recent theoretical and experimental
work. Insights gained from the research presented here help to lay the groundwork for a long and

bright future in the field of advanced soft materials.

1. Introduction



Charge-containing polymers are used in a diverse array of applications, consequently making
them a prominent area of research for the past several decades. Batteries,!'=! fuel cells, [+
actuators and transducers,!”~13! and separation membranes!!'®2%! are among the continually
growing list of useful applications investigated, most of which require dimensional stability. The
introduction of charges into polymeric materials often impairs mechanical integrity, depending
on the environmental conditions and electrostatic interaction strength, which can result in
undesirable aqueous dissolution or brittleness. In addition, electrolytic homopolymers are, in
general, inherently weak since charge transport necessitates either chemical/segmental
mobilityl?!! or charge dense ion-hopping pathways.[??] Both transport mechanisms provide ion-
solvation-site connectivity!?*! but correlate to low glass transition temperatures and elastic
moduli. Some approaches for overcoming this hurdle are to mix rigid polymers with ionic liquids
(ILs),1?3! cross-link,?* add inorganic supports,?! use block polymer architectures,!'* or simply
limit charge content. Each of these methods possess its own pros and cons and are all worth
pursuing; however, one aspect that limits them all is the tradeoff between mechanical integrity
and operational performance. Block polymers (BPs) have a tendency to phase separate into
periodic assemblies, which allows one to decouple mechanical integrity and operational
performance by independently tuning the characteristics of a particular microdomain. For block
polymer electrolytes (BPEs), one domain provides a structural framework while the other

provides an interconnected ionic matrix.

The extent to which polymers are insoluble with each other, also known as their segregation
strength, is denoted by the thermodynamic term yN, where y is the Flory-Huggins interaction
parameter and N is the number of repeat units. When yN is large enough, unfavorable mixing
interactions between blocks force them to phase separate while covalent bonding between blocks
limits their diffusion to the local interface, resulting in periodic morphologies on the nano- to
micro-length scale.?®) An incredibly vast library of morphologies has been captured over the
years with their geometric complexity increasing in conjunction with number of blocks, block
architecture/configuration, processing conditions, and the number of chemical constituents.?7-28]
However, the most common morphologies observed for BPs are lamellar (LAM), gyroid (GYR),
hexagonally packed cylinders (HEX), body centered cubic spheres (BCC), and disordered (DIS).

One which is less common, but still relevant is hexagonally perforated layers (HPL). The fashion

by which every unique BP system self-assembles defines its phase behavior which, in the



simplest case, is influenced by volume fraction (i.e. composition, f), and degree of
polymerization (N). While our understanding of self-assembly for neutral BPs has been well-
established, both experimentally and theoretically, the introduction of electrostatics and other
secondary interactions (e.g. hydrogen bonding and n-n stacking) has been shown to drastically
complicate the thermodynamics, often shifting the order-disorder transition (ODT) and order-
order transition (OOT) boundaries around the f~yN phase diagram. The degree to which this
happens is highly dependent on the chemical nature of the charged groups and their connectivity
within the material. The enthalpic and entropic contributions of charges in BP thermodynamics
envelopes numerous elements which are all highly correlated, making it especially difficult to
draw generalizable conclusions about the impacts of individual factors. Coupling each
thermodynamic contribution to its performance impact further complicates this picture,
especially when equilibrium is brought into question. Myriad examples show that morphology
and its constituent components, such as tortuosity and interfacial width, all play an important role
in dictating transport performance in BPs. Harnessing control over the charge-morphology-
property relationships for charged BPs is essential for the effective design and development of
advanced soft materials and will thus be the focal point of discussion in this review. To elucidate
these connections across literature, theoretical and experimental work must be sewn together.
Thankfully, significant progress has been made within each field to provide a clearer

understanding.

The predictive and insightful guidance from theoretical and computational investigation is
invaluable. The level of control and modulation over independent variables along with a high
level of detail encompassing the data grants direct correlation between cause and effect, at least
within the accessible range of the model. Theoretical models often comprise necessary
simplifying assumptions brought about either by computational constraints or for the purpose of
providing generalizable predictions. Reality, however, makes no assumptions and can be
incredibly laborious to simplify, especially in fields such as functional polymer physics where
the parameter space is vast. This lack of simplicity convolutes comparisons between studies
which often differ by several variables within the parameter space. Examples include charge

type, connectivity, distribution, and mobility, and backbone chemistry, composition, molecular



weight, dispersity, and configuration. Additionally, charged BPs are often plagued by
insufficient equilibration bound by degradation and/or slow kinetics, further complicating their
comparison. Although it is difficult to isolate and observe the effects of a single thermodynamic
influence, there are sufficient studies within the field to elucidate the impacts of several general

parameters, and hence provides the motivation for this review.

2. Morphology, lon Correlations, and Material Performance

This section will primarily focus on the coupling between BP phase thermodynamics and
performance measures in general. For comprehensive reviews on charged polymers for specific

applications or reviews on specific types of charged polymers, the reader is directed elsewhere.[>-

4,6,7,10,18,19,25,28-40]

High ionic conductivity is one of the most common central goals encompassing electrolytic
design. Historically, there has been a tradeoff between conductivity and mechanical strength for
BPEs!*!l but there have been substantial efforts to find support blocks which contribute to ion
transport. The well-known lithium-ether complexation makes ether-based polymers ideal
candidates for applications in cation transport with poly(ethylene oxide) (PEO) being the most
extensively studied.3%#?1 PEQ is often tethered to polystyrene (PS) or poly(methyl methacrylate)
(PMMA) support blocks and doped with lithium salts including lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) or lithium perchlorate (LiClO4). There are
alternative platforms which offer notable cation transport properties (Mindemark/Brandell 2018),
although their salt-induced thermodynamic behavior in BPEs are less understood than that for
PEO. Several hurdles still exist for ether-based BPEs that limit their use in commercial battery
applications such as insufficient conductivity which is further impaired by PEO crystallization,
low Li transference number (i.e. high anion mobility), and their inability to completely inhibit Li
dendrite growth in Li-metal batteries (Maslyn/Balsara 2018).[4*] Inhibition of dendritic growth in
Li-metal batteries is influenced both by anion mobility** and modulus,*3! which if rectified will
enable the next generation of high energy density batteries.[**8] Other performance measures
besides conductivity stand out in different applications such as capacitance in polymer

actuators,!'* chemical/thermal stability, and fuel permeance (e.g., too low in the electrode



ionomer*>3% or too high in the electrolyte membrane)!)) in polymer electrolyte membrane fuel
cells. Creative approaches for improving these performance measures in BPEs are widespread
throughout the literature, however, the question is: How are these measures related to or effected

by morphological characteristics?

2.1. Molecular weight, composition, and charge content

Molecular weight (MW), composition, and charge content are the simplest and most direct routes
for tuning the properties in any given BPE system, but there are tradeoffs for each. We start by
using Li-salt doped PS-PEO as an example. Charge content, commonly defined as the ratio of Li
cations to ether segments (» = [Li]/[EO]), has been shown to maximize conductivity (at 90 °C) in
the vicinity of » = 0.1 in PEO homopolymer, considered as the percolation threshold where
cooperative segmental motion starts to become hindered.[>>33 In symmetric PS-PEO, however,
conductivity has shown a bimodal dependance on salt content (Figure 1¢) with the first maxima
occurring at 7 = 0.1 and the second at » = 0.2 with conductivity being greater in the latter ratio.>*
This phenomenon is believed to be caused by a reduction in grain boundary size with increasing
r which exemplifies the interdependent relationships between charge content, morphology, and

conductivity.
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Figure 1. (a) Dependence of conductivity on molecular weight (Msgo) for symmetric PS-b-
PEO/LiTFSI at » = 0.085. Adapted with permission.[**] Copyright 2013, American Chemical
Society. (b) PS-b-PMMA mixed with an IL at an IL weight fraction (wir) of 0.61. Adapted with
permission.’®) Copyright 2016, American Chemical Society. (¢) Conductivity at 90 °C of two
LAM-forming PS-PEO/LiTFSI BPs as a function of salt content as compared to PEO/LiTFSI
homopolymer. Adapted with permission.l’* Copyright 2016, American Chemical Society. (d)
[llustration showing the relationship between conductivity and PEO molecular weight for
LiTFSI-doped PI-b-PS-b-PEO (ISO) where (e) the highest conductivities were obtained at the
lowest PEO molecular weight studied (2 kg/mol) and a doping ratio of » = 4.30 (green
pentagons). Adapted with permission.[®?] Copyright 2019, American Chemical Society.

Balsara and coworkers found that increasing molecular weight improves conductivity in
symmetric PS-PEO/LiTFSI above 10 kg/mol (Figure 1a).*31 Comparable findings were
observed for IL-doped PS-PMMA (Figure 2b).5¢! The opposite trend has been observed for
LiTFSI-doped PEO homopolymer wherein increasing PEO molecular weight was shown to
diminish conductivity.’”) Ton transport in BPs is thought to reduce at the block interface due to
insulating effects from the support block.[*® Hence, this discrepancy can be explained by a
decrease in interfacial surface area density with increasing molecular weight, thus reducing the
fraction of ions effected by interfacial insulation from the support block.’®) Decreasing the
molecular weight of PS-PEO/LiTFSI below 10 kg/mol was later found to invert the conductivity-

molecular weight relationship wherein conductivity increases with decreasing molecular weight



(Figure 1a).*”) Reducing molecular weight to such an extent for BPs is however detrimental to
their real-world application since glass transition temperature (Tg) and modulus begin to decrease
rapidly as molecular weight decreases below the entanglement threshold.[®”) Pelz et al. were able
to bypass these low molecular weight restrictions by introducing a third block (polyisoprene
(PI)) to control self-assembly in PI-PS-PEO and found that minimizing PEO molecular weight
strongly benefits total conductivity, allowing for superior conductivity >10-* S/cm down to 0 °C
with a surprisingly minimal temperature dependence and a Li/EO ratio of » = 4.3 (Figure
1d,e).11621 Additionally, Li transference number in this sample was found to be 0.70 which is
significantly higher than that measured in PEO/LiTFSI (< 0.4).] For comparison, the
conductivity of 5 kg/mol PEO/LiTFSI up to r = 0.45 is shown in Figure 1¢ (black) which
exhibits a declining trend with respect to increasing ». This discrepancy indicates a considerable
shift in the ion transport mechanism which the authors ascribed as a decoupling between Li
transport and backbone segmental motion, commonly believed to be the primary cation transport

mechanism in polyethers.[64

2.2. Tapering

Block polymer tapering is defined by a monomeric concentration gradient (A—B) between
neighboring blocks which can be conceptualized as a separate, interfacial block characterized by
its size and direction (normal = A-b-(A—B)-b-B, and inverse = A-b-(B—A)-b-B). An
illustration of block tapering can be found in Figure 11b. Tapering the transition between blocks
can improve BPE performance on multiple levels. Kuan et al. were the first to introduce BP
tapered into BPEs which, most notably, improved Li conductivity by 90-190% between 80-

20 °C, respectively, over the non-tapered counterpart while maintaining well-defined
morphologies.[®%¢] On a mechanistic level, normal-tapering is able to reduce chain stretching,
thus improving segmental mobility at the domain interface. This relief of packing frustrations at
the interface was also shown to stabilize network morphologies which are beneficial for ion
transport.[®”] Additionally, by controlling the size and direction of the tapered segment, they were
able to reduce yfr which is especially useful for reducing melt processing temperatures. The

combined improvement in conductivity and reduced segregation strength signifies tapering to be



a promising factor for developing BPEs and deserves further investigation. Ketkar et al. has
recently compiled an Account which includes the research described abovel®®! in addition to a

detailed review on Li-ion polymer electrolytes.[*!]

2.3. Terminal functionality

Improving cation transference (i.e., reducing anion mobility) in cation exchange BPEs is equally
beneficial to electrolytic performance as conductivity. One method for doing this is to introduce
hydrogen bond donors which can interact/complex with anions, thus limiting their mobility. Jung
et al. found that substituting the terminal hydroxyl (-OH) group of PEO in nearly symmetric PS-
PEO (f'= 0.46) with mono- and di-functional -OH and carboxylic (-COOH) acids has significant
impacts on its mechanical and transport properties (Figure 2a-¢).[°) Substitution from mono- to
di-functional acids increased storage moduli by 3-7x and corresponded to a LAM—GYR
transition (beneficial for transport). At low LiTFSI content of » = 0.02, all acid substitutions were
able to greatly suppress PEO crystallization (Figure 2¢). The impact of end-group type on Li
transference number is displayed in Figure 2d with -OH producing a more favorable impact than
-COOH. The addition of an extra terminal -OH increased Li transference nearly 2-fold at 60 °C
due to increased hydrogen bonding with the anion. Complementary data for the di-functional -
OH showed a 47% decrease in anion diffusivity for » = 0.02 and an even larger decrease of 72%
for » =0.06, both at 50 °C. This was better achieved by -OH than -COOH since hydrogen
bonding weakens with increasing acidity. Although total conductivities between mono- and di-
functional -OH systems did not differ much above T pro, the transference-number-corrected
conductivities would have shown proportional improvements. Increasing salt content to » = 0.06
from 0.02 reverted both diacid GYR morphologies back to LAM which are generally less
desirable than GYR in electrolytic applications depending on grain size.l”’! More recently, Kim
et al. utilized terminal nitrile (—C = N) functionalities to improve the performance of PS-b-
PEO/PEO blend electrolytes doped with LiTFSLI"" By tuning the degree of nitrile functionality
on the BP and the homopolymer, they effectively enhanced several performance measures
including conductivity, Li transference, electrochemical stability, and even modulus. Given the

vast library of accessible end-group chemistries, coupled with its high impact on material



performance, terminal functionality in BCEs will likely receive considerable attention in the

coming years.
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Figure 2. Properties and characteristics of block polymers with H-bond functionalities. (a)
Chemical structure of PS-PEO with mono- and di- acid terminal functionalities with a (b)
illustration of interactions when doped with LiTFSI. (¢) Arrhenius conductivity trends show that
PEO crystallization can be suppressed with -COOH end-group functionality at low salt doping.
(d) Li transferrence as a function of end-group type showing -OH the be more effective than -
COOH at improving Li transferrence while increasing the number of end-groups can improve
further improve Li transferrence. (e) Arrhenius conductivity trends at higher salt loading (r =
0.06) shows higher conductivity than for » = 0.02 and a complete suppression of PEO
crystallization regardless of eng-group type. Adapted with permission.[®] Copyright 2017,
American Chemical Society. (f) Chemical structure of poly(ethylene oxide-b-dithiooxamide)
(PEO-b-PDTOA) and illustrations showing how H-bonding interactions between the support
block (PDTOA) and anions can improve cation transferrence by increasing ion-pair dissociation.
Adapted with permission.l”> Copyright 2015, American Chemical Society. (g) Temperature-
variable SAXS data for the chemistry in (h) shows the possible closed-loop phase behavior
which can result from alike systems where competitive electrostatic and H-bonding interactions
exist. Adapted with permission.[’®) Copyright 2018, American Chemical Society.

2.4. Conductivity-contributing support blocks



Many support blocks such as PS yield insulating effects on conductivity caused by a combination
of low segmental motion and a lack of solvation sites.!>®! For this reason, it is imperative for us to
find support phases which contribute to the ion transport mechanism in some way. One route is
simply finding support blocks that contain solvation sites. The Li salt-induced effects on PEO-
based BPEs with a conducting support phase (poly(propylene monothiocarbonate), PPMTC) was
studied by Cao et al. with the goal of improving both mechanical integrity and conductivity

[72.73] Although the secondary conducting phase studied was an amorphous, low

simultaneously.
Tg (~0 °C) polymer, their findings should be transferrable to alike systems with competing ion
solvation preference between phases. At lower salt concentrations, preferential ion solvation into
the PEO phase initially induced microphase separation with no ODT observed up to 100 °C,
while at higher concentrations, ion translational entropy resulted in mixing, consequently
diminishing mechanical integrity.l’>7*! It should be noted that salt concentrations in this study
spanned much higher than most (up to » = 1/3), and only at the highest concentration did
mechanical strength diminish completely. Between Li doping ratios of » = 1/24, 1/12, and 1/6,
the transitions noted were DIS-LAM—DIS respectively. However, the DIS states were still
weakly phase separated, evidenced by a single small-angle X-ray scattering (SAXS) peak, with
storage moduli closely resembling that of their ordered LAM sample. With conductivity for the
ordered LAM sample surpassing 10 S/cm above 50 °C at = 1/6 (equivalent to PS-PEO/LiFTSI
at 90 °C, Figure 1c) while maintaining a useful storage modulus, this method shows promise for
electrolytic applications. Another unique feature of these BPEs was the relative insensitivity of
ordering to variations in temperature, with no stark transitions occurring between 30-100 °C,
suggesting that competitive ion-backbone interactions can broaden the ODT boundary. In
summary, the introduction of a conducting support block into BPEs can improve conductivity
while consequently resulting in non-monotonic trends in yefr, and thus modulus, with salt
loading. Modulus, however, might be improved through choice of semicrystalline
poly(monothiocarbonate) analogues.l’#! Although the crystalline nature of these analogues may
be compromised by the addition of salts just as the crystallinity of PEO decreases with LiTFSI
loading.

Another approach for improving ion transport contributions from the support block is to
introduce hydrogen bond (H-bond) donors which, like that observed by Jung et al. previously,[*°]

have been found to improve Li transference via anion complexation. Jo et al. probed this

10



approach by using a polydithiooxamide (PDTOA) support block attached to PEO and were able
to effectively isolate some of the C1O4™ counterions of Li salts (up to » = 0.09) into the support
phase via H-bonding (Figure 2f) without noticeably affecting the morphology. This resulted in a
normalized conductivity of ~ 0.8, surpassing the theoretical limit of 0.66 for LAM
morphologies,’3 and leads to an interesting question of how non-covalent coercion of the anion
into the support phase affects BP thermodynamics. Wang et al. may have answered this question
by doping LiCIO4 into a poly(ethylene oxide)-b-poly(t-butyl acrylate-co-acrylic acid) diblock
terpolymer (Figure 2g,h), likely coercing the ClO4 anion into the support phase via hydrogen
bonding. Although there were no characterizations showing ClO4 behavior or specific mention
of acid-perchlorate interactions, the BP thermodynamics observed were incredibly exciting.[”®]
For the first time, closed-loop phase behavior was observed in strongly interacting BPs where
both an upper order-disorder transition (UODT) and a lower disorder-order transition (LDOT)
occurred within the same system (Figure 2g). Increasing acid content decreased segregation
strength while subsequent doping with LiClO4 increased it. Hence, greater acid content required
greater LiClO4 to induce phase separation while further increasing both consequently inverted
morphological temperature trends into LDOT behavior. Fourier transform infrared (FT-IR)
spectroscopy trends in C=O0 stretching for the acrylic acid group established relative evidence of
both ether-hydrogen bonding and Li-ether complexation but it is unclear how much, if any, acid-
ClOy interactions existed. These interactions may improve electrical properties as they did in
Ref[®] however, being able to tune the phase behavior to such a degree could prove
revolutionary in the advancement of BPEs. Two important aspects to note between using an
amide versus more acidic groups to provoke anion hydrogen bonding is their differences in
hydrogen bond donor strengths and ability to chelate or form dentated complexes. Higher proton-
base dissociation lowers potential binding energies for acids whereas secondary amides are
characteristic of strong hydrogen bond donors with high pKa values and are commonplace in

dentated polymers and chelating agents.

2.5. Single-ion conductors

11



While both ion and counterion contribute to the overall conductivity of an electrolyte, it is only
advantageous in many electrolytic applications for one of the ions to migrate. The ion which
does not contribute to electrolytic performance will herein be referred to as the subordinate ion
and the other as the primary ion. Fixing the subordinate ion to the backbone is considered one of
the most efficient methods for improving transference of the primary ion. Thus, these so-called
single-ion conductors have attracted considerable attention. Ryu et al. may have been the first to
find in BPEs that covalently tethering the subordinate Li counterions into a secondary phase (a
non-primary conducting phase) can increase the Li transference number nearly to unity due to
increased ion pair dissociation.”’”! The BPE of inquiry was poly(lauryl methacrylate-co-Li
methacrylate)-b-poly(oligo oxyethylene methacrylate) where Li methacrylate groups were
randomly distributed along the lesser conducting backbone. SANS and AFM data showed some
evidence of phase separation that lacked a well-defined morphology which can also be described
as random or disordered concentration fluctuations. However, no ODT measurements were
conducted and only a single Ty was observed which was interpreted as comparable shifts in
domain Tgs due to Li and methacrylate ion pairs dissociated between phases. Bouchet et al.
extended the previous work by attaching a trifluoromethanesulfonylimide (TFSI analogue) anion
to styrenic monomers (PSTFSILi), to make PSTFSILi-b-PEO-b-PSTFSILi triblock copolymers,
improving upon several BPE performance measures over the LiTFSI doped PS-PEO-PS
counterpart including transference number, conductivity, and even modulus to a substantial
degree.!”®! Using a lower molecular weight diblock copolymer form of this system (Figure 3a),
Balsara and coworkers probed in more depth the morphology-property relationship.[7-8% They
observed DIS—LAM transitions driven by PEO crystallization for 7.0, 8.2, and 9.0 kg/mol BPs
with 29, 39, and 44 wt% PSTFSILIi, respectively, which supports claims of phase separation by
Bouchet below the melting temperature of PEO. All phase separated samples in Figure 3b
contained ionic clusters sequestered in the PSTFSIL1 phase at 25 °C implying a lack of ion-pair
dissociation although clustering seemed to be suppressed at the lowest charge content.
Conductivities measured for DIS samples at 90 °C (Figure 3b) were nearly identical to those
measured by Ryu et al. at the same charge composition (17 wt% PSTFSIL1) implies that the
chemically equivalent BPs investigated in both studies were DIS above the PEO melting
temperature. Since then, several other analogous BPEs have been studied, all so far resulting in

mixed and/or crystallization induced LAM.[1-86] A more detailed discussion on the
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thermodynamic nature of these systems can be found in section 3.1. It is, however, important to
note here that y was estimated to be negative for PEO-PTFSILi in most cases,®¥ implying that
demixing for this system may be either unattainable or incredibly difficult without some
additional thermodynamic driving force such as crystallization. Stabilizing the morphology in
single-ion conducting BPEs such as these may be attainable via addition of a third block. A third
block might also provide an avenue for drastically reducing the molecular weight of PEO just as

Pelz et al. did with PI-PS-PEO (Figure 1d,e).[6?
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Figure 3. (a) Chemical structure of TFSI-pendant PS-PEO and inset micrograph showing its
LAM morphology (8.2 kg/mol, frro = 0.69). (b) Conductivity vs. Temperature for PEO-
PSTFSILi with PSTFSILi molecular weights ranging from 2-8 kg/mol and PEO molecular
weight of 5 kg/mol. (¢) Illustrative explanation of the conductivity behavior shown in (b).
Adapted with permission.[”*3% Copyright 2014, 2015, American Chemical Society. (d) Chemical
structure of PMATFSILi-PEO-PMATEFSILAi triblock copolymer. () Arrhenius plot of
conductivity for PMATFSILi-PEO-PMATFSIL1 with PMATFSIL1 molecular weights ranging
from 3-13 kg/mol and a PEO molecular weight of 35 kg/mol. Conductivities at 25 °C and 70 °C
are shown as a function of PMATFSILi molecular weight. Adapted with permission.[8!]
Copyright 2017, Elsevier.
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2.6. Nano-confinement and normalized conductivity

Conductivity of the ionic phase has been shown in a few instances to be even higher in BPEs
than in their fully charged, homopolymer (normalized conductivity, Gnorm > 1). This phenomenon
signifies either a shift in the transport mechanism and/or a decrease in the activation energy for
ion transport due to the confinement of charges. This resembles a study previously discussed
(Figure 1d,e).1" To calculate Gnorm for the system shown in Figure 1d,e, we would need to know
the conductivity of PEO/LiTFSI at » = 4.3. Assuming PEO/LiTFSI retains only a single
maximum in conductivity at » ~ 0.1 (Figure 1c¢), then onorm would have likely shown >> 1,
especially since their highest measured conductivity came from a sample with only 4 vol% PEO.

Further investigation into alike BPEs is hugely warranted.

Elabd and coworkers observed Gnorm > 3 for hydrated imidazolium-functional anion exchange
BPEs (with Br~ or OH™ counterions) even though water uptake was higher in the homopolymer
equivalent.[¥7-38 Additionally, Kim. et al. showed an order-of-magnitude improvement in
conductivity over the homopolymer analogue for sulfonic acid-functional, anhydrous proton
exchange BPEs doped with imidazolium-type ILs.[*] More recent work compared Li
conductivity trends between styrene-based IL-functional BPEs and the charged homopolymer

(901 Although the measured

counterparts which were strikingly similar, indicating a Gnorm ~ 1.
conductivity was high, Li transference was negative in all cases, implying that conductivity was
heavily dominated by anion mobility.[*>°!) Regardless, these studies all suggests that charge
confinement into percolating domains has great potential for improving transport properties
beyond current theoretical limits. The four aforementioned studies involved ILs which transport
ions through a segmental motion-assisted, ion hopping mechanism wherein the ion hopping
mode improves with respect to decreasing backbone-backbone distance while the segmental
motion mode remains correlated to Tg.”?! Conceptually, this is interpreted as reducing the
hopping distance between solvation sites, in turn reducing the activation energy barrier required
to move the ion from one site to the next. Hence, if solvation site spacing can be reduced without
significantly increasing the Ty, then conductivity performance will enhance, and it seems that
nanoscale confinement in BPEs is able to achieve this goal under certain conditions. Such
conditions would likely only occur at high charge content, a regime which has been shown to

reduce domain spacing with increasing salt content regardless of electrostatic strength.[®*] Nano-
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confinement has even led to crystalline phases in zwitterion + IL doped BPEs which were not
observed in the homopolymer analogues, resulting in crystalline proton-conducting channels able

to reduce polarization losses.**

2.7. Thermal history and non-equilibrium morphologies

True melt equilibrium morphologies are not always accessible when degredation preceeds

95971 They are sometimes not even desirable, either because

adequate annealing temperatures.!
thermal annealing is not cost and/or time efficient in terms of processing, or because it actually

hinders material performance.[*®°! In either case, kinetically trapped morphologies are expected.

Truong et al. solution casted an ABCBA sulfonated pentablock terpolymer (NEXAR®) with an
ion exchange capacity (IEC) of 2.0 meq/g from n-propanol/toluene casting mixtures and found
that increasing n-propanol content (i.e., increasing polarity) of the casting solution resulted in
ordered LAM between 29-36 wt% n-propanol and disordered LAM between 40-50 wt% n-
propanol, with more polar solvents being less selective.l' Broad, higher order SAXS peaks
were still apparent in the samples, which they classified as disorder LAM because the diffraction
patterns resembled more of a random network-like morphology. This network-like morphology
likely enhanced this sample‘s water uptake and conductivity performance over the well-ordered
LAM sample. Water uptake increased smoothly with casting solvent polarity (decreasing order),
while proton conductivity underwent a marked step-change improvement between 2-5x in the
less ordered sample. However, conductivity in the well-ordered samples showed little
dependence on water uptake (10-25 wt% water). Zheng et al. observed the exact opposite trends
using an identical backbone (NEXAR®) with a lower IEC of 1.2 vs 2.0 meq/g and cast from a
THF/cyclohexane/heptane mixture rather than propanol/toluene.['°!l Increasing polarity of the
casting solvent (increasing THF) led to more ordered structures, however, higher ordering in
their case corresponded to a 2-fold increase in water uptake and an order of magnitude increase
in conductivity. The disordered morphologies in the latter study consisted of discrete transport
domains rather than random interconnected networks observed in the preceding study, resulting

in opposite order-property trends between the studies. The stark disparity in properties observed
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between similar BPs cast from propane/toluene vs THF/cyclohexane/heptane mixtures denotes
that polarity of the casting solvent alone is not a sufficient parameter to control self-assembly. A
more fundamental understanding of the solvent-polymer thermodynamics which take place

during casting would provide significant impacts within the field of BPEs.

3. Charged Block Copolymer Thermodynamics: Theory and Experiment

Because block configuration!'%?l and dispersityl!93-197] 5o greatly affect phase behavior, linear
diblock and triblock copolymers synthesized via controlled polymerization currently comprise
most of the literature on charged BP thermodynamics. Additionally, since the neutral case for
linear systems is more sufficiently established experimentally, the specific impacts of charge on
phase behavior become significantly simpler to resolve. Electrostatic interactions generate a
variety of effects on BP thermodynamics but can be categorized in general by their tendency to
shift the phase boundaries vertically and/or horizontally along the composition-segregation
strength (f~xN) phase space. The former, which consists only of vertical shifts, will be denoted
here as “weakly interacting systems.” The latter consisting of horizontal shifts are normally
complemented with vertical shifts, although difficult to characterize in parallel, and will be
denoted as “strongly interacting systems.” These labels were chosen because, theoretically,
significant horizontal shifts in ordered phases occur when enthalpic contributions from

electrostatics are strong and dominate thermodynamic behavior.!'%8]

3.1. Weakly Interacting Systems

Vertical shifts in the ODT boundary are driven primarily by ion translational entropy which
shifts the ODT boundary up, and preferential ion solvation which shifts it down. This
corresponds to a decrease or increase, respectively, in the order-disorder transition temperature
(Topr) as i 1s inversely proportional to temperature in most cases and can be approximated by
the expression y = yu/T+ys, where the subscripts represent the enthalpic and entropic terms

respectively. Each component in y is classically considered to be constant, however, this
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postulate was formed by considering primary interactions alone such as van der Waals (vdW)

forces, and hence neglecting the complex and dynamic nature of secondary forces.

Balsara and coworkers, along with several other groups, have extensively probed the
thermodynamics of lithium (L1) salt doped polystyrene-b-polyethylene oxide (PS-
PEQ),[41:53:3459,109-115] providing a wealth of information which has recently been compiled and

1]6]Vvas

analyzed.[''?] A simplified polynomial expression with coefficients fit to Leibler’s theoryl
provided which grants facile prediction of yN or domain spacing for neat blends and BPs of PS
and PEO, thus facilitating comparison between self-consistent field theory (SCFT) and
calculated yefr values for individual systems. A common method for calculating y.sr has been to
fit SAXS data to equations developed by Leibler which have been subsequently simplified and
organized by Balsara and Teran.'® The fitting procedure is often performed using the random
phase approximation (RPA) which denotes a BP transitioning into a DIS state before it is
completely homogeneous, evidenced by a single scattering peak. A linear relationship between
yetr and 7 has been obtained for several BPE systems, but this relationship often breaks down at
higher salt concentrations wherein yfr saturates.!! 141171181 T better understand the phase
behavior of PS-PEO/LiTFSI, a collaborative study was performed by Loo, Balsara, Hou, and
Qin, with the latter two being developers of a relatively simple “free-ion” SCFT depicted in
Figure 4a,b.['!%120] Experimental data for PS-PEO/LiTFSI were fit to the model described above

(Figure 4c,d) using ionic solvation radius as the only fitting parameter which exists within an

expression quantifying the difference in ion solvation energy between phases, Az =

Lo (M) (i + i), where /y is the vacuum Bjerrum length, &4 5 is the relative phase
2 EAEB ay a_

permittivity of phase A or B, and a+ and a. are the cation and anion solvation radii, respectively.
Not surprisingly, the effects of salt doping in PS-PEO were found to lay comfortably in the
solvation dominated regime (Ag = 5.8) due partially to the strong dielectric mismatch between PS
and PEO. The theoretical calculations qualitatively resembled the experimental data used for
fitting and showed a slight asymmetric shift in ordered morphologies towards lower fro sait and »
(Figure 4c,d). The resulting solvation radii fits for Li and TFSI from this model (az; = 1.43 nm,
arrs = 5.43 nm) are an order of magnitude larger than those measured for PEQ/LiTFSL, 2!l

indicating a significant overestimation of ion solvation-induced ordering via the Born model

used in their calculations. However, recent work by Qin’s group!'??! revealed that this
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overestimation could be relieved by considering composition fluctuations, which are known to

amplify the destabilization of ordered phases at lower molecular weights.[122-125]
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Figure 4. Salt-doped diblock copolymer phase diagrams from (a, b) unique SCFT
predictions illustrate how increasing the difference in ion solvation energy between
phases (AB) can shift phase behavior from being dominated by (a) entropic and (b)
solvation effects. (c, d) The same SCFT model is fit to experimental data from PS-
PEO/LiTFSI to produce phase diagrams which highlight the effects of molecular weight
on phase behvior with respect to salt doping () and PEO/LiTFSI volume fraction (fo).
Adapted with permission.['?) Copyright 2020, American Chemical Society.

In contrast, more entropy dominated systems (still weakly interacting) have been observed in
salt-doped BPs where maxima in y.rr were found at intermediate salt concentrations (Figure 5d)

due to competitive ion interactions between blocks.[73:126-128

I Several interesting thermodynamic
features were apparent in LiClOs-doped PEO-b-polycaprolactone (PEO-PCL)!!26:127] and LiTFSI-
doped PEO-b-poly(propylene monothiocarbonate) (PEO-b-PPMTC),!”>73] both of which
demonstrated an unprecedented level of stabilization for LAM and HEX phases relative to PS-
PEO/LiTFSLI''2] An approximate phase diagram for PCL-PEO/LiClOs is shown in Figure 5a,
although the complete set of phase transitions observed by Huang et al. was significantly richer,

two of which are displayed in Figure 5b. Additionally, PPMTC-PEO/LiTFSI stabilized the LAM
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phase down to fprossait = 0.275 although its phase behavior was more entropically penalized
compared to PCL-PEO/LiClO4 which could be a factor of higher complexation site density in
PPMTC relative to PCL. The OOTs displayed in Figure 5b for fpeossaic ~ 0.5 demonstrate a shift
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in the ordered phases towards lower PEO compositions, a phenomenon only expected in systems

exhibiting strong electrostatic cohesion.”>!2°1 This data signifies chain stretching to be
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Figure 5. Experimental (a, b, and d) and theoretical (c) studies exempifying the complex nature
of ion dynamics on phase behavior of systems with prominent entropic effects. LiClO4s-doped
poly(e-caprolactone)-b-poly(ethylene oxide) (PCL-b-PEO/LiCIO4) (a) Phase diagram of PCL-b-
PEO/LiClO4 shows a drastic stabilization of the LAM phase down to low volume fractions of the
PEO block (fpeosait). (b) Illustration of unexpected morphologies and ODTs for PCL-b-
PEO/LiClOs4 at M, ~ 10.2 kg/mol. Adapted with permission.l'?”] Copyright 2014, Elsevier. (¢)
Theoretical shifts in the ODT boundary vs. salt loading (7) for polarizable BPs with various
dielectric contrasts show and initial increase in segregation strength at low » which quickly
transitions to a decrease in segregation strength around » > 0.05. This transition corresponds to
entropic screening effects overpowering enthalpic solvation effects at some intermediate salt
content. Adapted with permission.l'**] Copyright 2019, American Chemical Society. (d)
Experimental Toprts measured for PCL-b-PEO/LiCl0O4 show a non-monotonic trend with respect
to salt content which generally resembles the behavior shown in (c). Adapted with permission.
Copyright 2013, Elsevier.
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significantly more prominent in PEO than in PCL, thus causing the PEO phase to consume more
interfacial area. This could possibly be due in part by the ability of Li-PEO complexes to
conform to rod-coil like structures with EO:Li being 6:1,'3% but this cannot be the only factor or
else LAM stabilization would appear in the other PEO-based BPEs previously described. The
interesting and unusual HPL—-LAM OOT in Figure 5b observed upon heating is normally the
inverse (LAM—HPL), otherwise the expected OOTs would be HPL—-HEX or HPL-GYR.
This could either be caused by a shift in composition due to ion migration or if the enthalpic
and/or entropic components in y = yu/T+ys were temperature dependent. Ideally, y is reduced
with increasing temperature, resulting in a decrease in the interfacial energy (e.g., LAM—HPL)
as loosely described by the Helfand-Tegami and the Tang and Freed relationships for infinite and
finite molecular weight polymer blends, respectively.®>!31:1321 Therefore, one of the classically
constant components in x might also be temperature dependent, which results in or is caused by
the migration of salts between phases.!'?’! If Li-ester complexes weaken with temperature faster
than for Li-ether complexes, increasing temperature would enthalpically drive Li back into the
PEO phase while entropy drives it the other way. Hypothetically, this could help explain the non-

linearity observed between  and 1/T for alike systems.

Recent theoretical work by Grzetic and Fredrickson provided deeper insight into the entropic
nature of the experimental phenomena mentioned above by studying the salt-dependent ODT
behavior of symmetric, polarizable BPs with various dielectric mismatches.!'**!34] Their findings
yielded a parabolic (i.e., non-linear) trend in the ODT with salt loading (Figure 5c) which
correlates to a maximum in yerr, Similar to that observed in PCL-PEO/LiTFSI (Figure 5d). When
the dielectric contrast between phases is sufficient, preferential ion solvation into the higher
dielectric domain stabilizes ordering at low salt concentrations while at higher concentrations,
electrostatic screening of van der Waals (vdW) attractions leads to mixing. When the permittivity
of each phase is equivalent, ions behave as a non-selective solvent, leading to a linear increase in
(xN)opt with r. Although the results obtained from this study are exaggerated with respect to
experimental findings for systems such as PS-PEO/LiTFSI where y.sr saturates with salt loading,
it provides some evidence that this saturation could be influenced by preferential solvation

effects being offset by electrostatic screening of vdW attractions.
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In the extreme case where both counterion entropy and anti-preferential ion solvation degrades
segregation strength, such as the case discussed earlier (Figure 3), phase mixing is a prevailing

occurrence.[79-86

1 The goal for such systems is to maximize ion-pair dissociation which has been
shown to improve transport properties, but by doing so increases the energies associated with
mixing. Let us considering the specific case for PSTFSILi and PMATFSILIi tethered to PEO
(Figure 3a,d) at the ODT, all of which were ordered due to the crystallization of PEO. Upon
heating (melting of PEO crystallites), Li ions are driven into the PEO phase by Li-ether
interactions. Polarization at the interface caused by ion-pair dissociation presents an incredible
driving force for mixing which is likely exacerbated by anion-anion repulsion within the ionic
phase. While calculated yesr values for PEO-b-PSTFSILi at 29 and 39 wt% PSTFSILi were

(831 implying that phase separation

negative, yetr for the 18 wt% sample was slightly positive,
might improve for this composition at higher molecular weights. However, the same PEO
crystallization induced ODT was still observed for a compositionally equivalent triblock
copolymer with a 7x greater molecular weight.[®¢] Replacing PEO in PMATFSILi-b-PEO with
poly(oligo ethylene glycol methacrylate) (POEGMA) to eliminate the effects of PEO
crystallization on phase behavior; Porcarelli et al. observed mixing in all samples across a range
of compositions (15-50 wt% PMATFSILi) and relatively high molecular weights (51.5-88.0
kg/mol).[#?] This finding exemplifies the extent to which mixing is preferred when counterions in
one block exhibit strong enthalpic interactions with the opposing block. Exchanging Li" with
divalent Mg?* in PSTFSI-b-PEO has been the only successful demonstration for decreasing

miscibility between PEO and PSTFSI blocks due to ionic cross-linking between pendant anions

within the PSTFSI- phase,®*-#] and should apply to other analogous BPEs.

Introducing a tapered interfacial segment into BPEs can offset the increase in yefr with salt
doping in addition to stabilizing or destabilizing certain morphologies depending on the size and

65.66,135] As mentioned previously, salt loading increases segregation

direction of tapering.!
strength in solvation dominant BPEs while interfacial tapering produces the opposite effect.
Additionally, normal-tapering (defined in section 2.2, depicted in Figure 11b) has the propensity
to stabilize network structures such as GYR by relieving some inherent packing frustrations.[!36]
This effect was demonstrated by the observation of a double-gyroid morphology in a tapered
LiTFSI-doped PS-POEGMA BPE (fpeo = 0.52, 33 kg/mol, fuaper = 0.6) which is highly unusual

for a symmetric system.
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A lamellar superlattice morphology was observed for the first time by Shim et al. in charge-
neutral BPs using a compositionally symmetric, relatively low molecular weight (9-10 kg/mol)
PS-POEGMA backbone functionalized with pendant-Na sulfonate charges at various
concentrations.!'3713% The superlattice geometry vanished at higher charge content and was also
not observed after substituting the tethered charges with free salts of equivalent chemistry.
Significantly larger domain sizes appeared for the salt doped system (+50%) with the calculated
Bjerrum length being roughly equivalent to the observed superlattice domain spacing. The
authors speculated that this superlattice behavior might reveal some sort of competitive
relationship between length scales for charge cohesion and optimal chain packing.['%?! They were
also able to break down the superlattice domain via homopolymer doping in volumetrically
symmetric equivalents, although surprisingly this did not occur until a homopolymer volume
fraction > 0.2.['371 Homopolymer doping in BPs introduces space to relax chain stretching,['40-1421
which could, thus, extend the system outside the competition range between the length scales
mentioned previously. At higher BP molecular weights, no superlattice was observed, and the
system displayed a similar morphological dependance on charge concentration (up to [Na*]/[EO]
= 0.16) as that of its PS-PEO/LiTFSI analogue!®! indicating that preferential ion solvation
dominates thermodynamic behavior. It is however surprising that the combined effects of
solvation preference and electrostatic cohesion within this system do not drastically shift the
phase diagram as predicted and illustrated in Figure 8 in the following section. The authors
indicated that counterion solvation effects may contribute to this mismatch. Additionally,
sulfonate anions attached to the terminus of backbone oligomers still contain a relatively high
degree of translational freedom as compared to other pendant charges which are confined more
closely to the backbone. This extended linkage between pendent charges and the polymer
backbone would manifest as an entropic penalty. A study tuning pendant charge entropy via its

linkage distance from the backbone would shed light on the extent of its impacts.

3.2. Strongly Interacting Systems

Horizontal shifts in ordered phases are representative of strong electrostatic interactions which

increase interfacial surface tension and result in a lower charged volume fraction that occupies
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more interfacial surface area. This is sometimes described using the term “phase inversion” when
the matrix/continuous phase transitions from being the volumetric majority component to being
the minority component. Strong electrostatic interactions generally manifest in charge pendant
systems rather than salt doped systems due to the considerable decrease in ion translational
entropy and can result in phase asymmetry which defines a horizontal shifting of ordered phases
along the composition axis. Phase asymmetry is generally accompanied by shifts in yesr to an
extent which is highly dependent on composition. At lower charge compositions, yer is expected
to increase while the inverse is expected at higher charge compositions and is governed by

931291 The above statements assume mixing to be endothermic although

counterion entropy.!
exothermic mixing is possible which can potentially flip the temperature dependent mixing from
an upper order-to-disorder transition (UODT) to a lower disorder-to-order transition (LDOT),
akin to upper and lower critical solution temperatures, respectively. This phenomenon will be
referred to herein as “boundary inversion” and does not simply manifest as a consequence of
exothermic mixing which was exemplified in the previous section for PEO-b-PSTFSILi. In this

section, we will focus primarily on systems where phase asymmetry and/or boundary inversion

occurs.

3.2.1. Phase asymmetry

Many early studies on pendant charge effects in BPs were based on styrene sulfonate in its acidic
form, likely due to synthetic simplicity and high thermal and chemical stability. Although the
sulfonic acid group is not formally ionic, the high dissociation constant of the proton offers it
strong electrostatic characteristics. In 2008, Park et al. conducted an in-depth thermodynamic
study of compositionally symmetric poly(styrenesulfonate)-b-poly(methylbutylene) (PSS-PMB)
across a wide range of molecular weights (2.8-43.6 kg/mol) and sulfonation levels along the PS
backbone (0-53 mol%). Despite the compositional symmetry, a rich variety of morphologies
were observed as sulfonation content increased, morphologies which were only expected at
substantially higher volume fractions of PSS. This provided some of the first evidence of
electrostatic effects that could not be explained using current theory at the time.['*3] Goswami et

al. solution casted a very similar BP in THF at room temperature to produce a phase inverted
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HEX morphology with PSS forming the continuous phase although it was the volumetric
minority.['*! Upon annealing the sample at 120 °C for several days, the morphology shifted from
HEX to LAM, a transition which can be explained by lowering yefr. It is important to note that
the PSS composition was 0.25 which still constitutes a horizontal shift in ordered phases relative
to neutral BPs. Hybrid Molecular Dynamics/Monte-Carlo simulations performed by the authors
mirrored their observed phase inversion from solution cast samples, suggesting that the
morphology observed may not have been predominantly influenced by preferential solvation
effects while casting below T, which can result in kinetically trapped (i.e., non-equilibrium)
structures. Phosphonic acid substituents have been shown to result in very similar phase behavior
as that described above for sulfonic acid, with sulfonic acid generating a slightly greater increase
in segregation strength (Figure 6).['431 Park and coworkers have since expanded their research on
acid-tethered PS-PMB with various degrees of functionality, in addition to IL and zwitterion
doping to produce a fascinating variety of morphologies and phase behaviors with relevant

applications.[146:147]
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Figure 6. Phase diagrams for Poly(styrene-b-methylbutylene) bearing various levels of sulfonic
(SL) or phosphonic (PL) acid along the styrenic block. With increasing acid content, the
molecular weight for both BPs increases from 6.3 to 8.0 kg/mol which coincides with a volume
fraction increase of the acidic block from 0.45 to 0.50 respectively. Dark portions in the TEM
images on the right represent acidic domains. Adapted with permission.['*) Copyright 2015,
American Chemical Society.
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Figure 7. Comparing the phase behavior of PS-PEO with different terminal functionalities at
similar molecular weights and compositions of (a) 13.9 kg/mol, fpro ~ 0.45 and (b) 10.0 kg/mol,
freo ~ 0.40. (a) SAXS profiles at 60 °C show how substituting the end-group from mono-
functional -OH to di-functional -COOH shifts the resulting morphology from DIS to GYR.
Adapted with Permission.[**) Copyright 2017, American Chemical Society. (b) TEM images
show how substituting mono-functional -OH to -SOsH and then to -SOsLi result in
DIS—-LAM—HEX morphological transitions respectively. PEO phases were darkened with
RuOs. Reproduced with permission.!'*) Copyright 2013, American Chemical Society.

Substantial thermodynamic deviations from neutral BP behavior have been demonstrated by the
introduction of just a single, well-placed sulfonate group.!'*8] Substituting the terminal hydroxyl
proton of PS-b-PEO with sulfonic acid induced a well-defined LAM morphology (Figure 7b),
equivalent to a LiTFSI loading of » = 0.06 in their control (terminal hydroxyl) BPE. Exchanging
the acidic proton (SO3H) with Li (SOsLi) induced yet another transition from LAM to HEX
which was attributed to a decrease in PEO volume fraction and hypothesized to be caused by a
reduction in free volume due to the replacement of H-bond interactions with Coulombic
interactions. Subsequent doping with LiTFSI lead to a non-monotonic trend in domain spacing
with an initial decrease at » = 0.02 followed by an increase at » = 0.06 which constituted a
HEX—GYR—LAM series of OOTs. This trend was attributed to strong electrostatic attractions
between Li salts and Li sulfonate groups which were screened at higher concentrations as salts
entropically distributed throughout the PEO domain. Figure 7 compares the impact of terminal
functionality on the phase behavior of similar PS-PEO BPs at near symmetric compositions with

-SOsLi resulting in a more asymmetric shift in phase behavior. It would be interesting to see if
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converting -COOH in Figure 7a to -COOLi1 would produce the same effects as that of -SOsLi in
Figure 7b. Terminal functionalization is a powerful tool as it strategically positions that
functionality at the most dynamic segment of the polymer. Kim et al. has recently compiled a
review on end-group chemistries and the resulting thermodynamic impact within several

polymeric systems.[!4]

a) 30
25

b) 30 ‘ : : : C) 30

25+

Maodel F

20+

_XNIS L

10F

t, =000 |

; i g = 0.05 ] (1.2nm 4
J , fy=0.10 R o J ‘ fy=0.15
0.0 0.2 04 . 06 0.8 1.0 0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 04 . 06 0.8 1.0
fa fa fa
Figure 8. Theoretical SCFT-LS calculations for charge-neutral BPs illustrate shifts in the ODT
boundary with respect to (a) I which represents electrostatic interaction stength, (b) charge
fraction (fy), and (c) ion radius (a) where f4 is volume fraction of the charged block. Black curves
represent the neutral case where f; = 0. Reproduced with permission.[®3] Copyright 2015, AIP
Publishing.

To help elucidate the effects of strong electrostatic correlations on charge-neutral polymer
blends!'3%!31] and charge-neutral diblock copolymers,®*!?°! Sing and Olvera de la Cruz
developed a hybrid self-consistent field theory-liquid state theory (SCFT-LS) which considers
electrostatic correlations on a local (<10 nm) level while maintaining mean field approximations
at larger length scales (10-100 nm). Their work showed that a linear relationship between yefr and
charge fraction (i.e. vertical yN shifts) can be described by ion entropy and solubility effects
alone. However, taking into consideration the strongly coupled, cohesive interactions between
charged species can lead to a funneling of ordered phases towards low yN and volume fractions
of the charged block (Figure 8), even when differences in ion solubility between phases are null
(i.e. €4 ~ €p). A unitless term used to describe this cohesive energy was defined as I” = Ip/d =
e’/4neperksTd which is the Bjerrum length (/3) normalized by the ion-counterion pair distance (d),
where k3 is the Boltzmann constant, 7 is temperature, e is the electric charge, and &) and ¢, are
the vacuum and relative permittivity, respectively. Shown in Figure 8a are the theoretical effects
of I" on the phase diagram for BPEs with dielectrically equivalent blocks (&, 4 = &, 3) where phase

separation is suppressed by counterion entropy at low /" and dictated by charge cohesion at
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higher I".[°%12°] The trends in Figure 8a are the result of varying dielectric permittivity in I”. The
effects of charge fraction (f; = mole fraction charged monomers in block A) (Figure 8b) are
shown alongside the effects of ion-counterion pair distance (2a), where a is the effective radius
for the ion and counterion. Increasing ion pair spacing (i.e., larger ions) in all but the lowest
charged block compositions consistently results in a reduction in phase separation which
coincides with an increased tendency towards phase inversion provoked by entropic excluded
volume effects. Simply, this means that larger ion spacings exacerbate the funneling effect while
also increasing miscibility along most of the compositional axis. A less consistent trend is
observed with respect to charge fraction (f;). For example, a symmetric composition where an
initial yefr enhancement at low f; is offset by excluded volume penalties at higher f;
(representative of increasing the free energy of the ordered state) would consequently lead to
reentrant phase behavior (i.e. DIS—Order—DIS) with increasing f;. To our knowledge, reentrant
phase behavior as a function of salt content in BPEs has only been observed in one instance for
asymmetric LiTFSI doped PS-PEO where DIS—weakly-ordered BCC—DIS—HEX transitions

3] In another unique instance,

occurred with increasing salt content.!
LAM—CYL—LAM—CYL alternating morphologies were observed by Sloan et al. upon
increasing the protonation level of poly(2-vinylpyridine)-poly(oligoethylene glycol methyl ether
methacrylate).[® In both studies, these unexpected transitions occurred for a single sample
within a very narrow parameter range. Further work will be needed to establish a reproducible
trend and to identify the underlying mechanism. Temperature-dependent reentry in BPEs with
multiple secondary interactions has also been observed recently and will be discussed in the

following section (3.2.2).

The extent to which this funneling effect is currently illustrated by the SCFT-LS model®312°]

has not been fully realized experimentally for BPEs. One factor which might help align
theoretical predictions via this model with experiment findings is a consideration of composition
fluctuations. Composition fluctuations theoretically describe the inconsistency in composition
between each BP chain that exist in every experimental BP system since not every polymer chain
comprises the exact same composition, regardless of how close the dispersity is to unity for each
block. Composition fluctuations have been shown to suppress ordering, a phenomenon which
exacerbates as molecular weight decreases.!'?>124125] 1t is also important to note that the greater

the dispersity is for each block, the greater the composition fluctuations will be. To our
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knowledge, the closest experiments have come to the ordered, narrow-channel regime depicted

in Figure 8 (e.g. Figure 8b, fa = 0.1, yN ~ 7.5) has been work produced by Winey and coworkers

where highly ordered and periodic morphologies were obtained from step-growth polymers with

precisely controlled polyethylene spacers separating polar sulfonate moieties.!'3>15¢] Each

polyethylene spacer contains exact values of repeat units while polar segments contain only a
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Figure 9. Morphologies of styrenic charge-neutral block copolymers (CN-BPs)
mapped onto phase diagrams by degree of polymerization (N) and charged block
volume fraction (¢pcn-p). Pendant cations comprising the charged black are: (a)
Trisaminocyclopropenium cyclohexane (TACCy, black)!!37! and tris(2,4,6-
trimethoxyphenyl)-phosphonium (S-Phos, red)!!¢°
while (b) alkyl imidazolium (Im, blue), quaternary ammonium (Am, green), and
tributylphosphonium (H-Phos, orange) do not result in phase asymmentry.|
(squares = LAM, hexagons = LAM/ C, triangles = C, pentagons = S, and bowtie =

disordered). Peproduced with permission.['37! Copyright 2020, American Chemical

Society

I which result in phase asymmetry

97,166-169]

single sulfonate group, resulting in a “block” polymer which effectively nullifies the existence of

composition fluctuations. In recent work, HEX—LAM morphologies at fyoir = 0.16 were

observed which constitutes a significant horizontal shift in ordered phases.
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Russel et al. observed significant phase asymmetry towards low charge compositions in a
styrenic system with bulky trisaminocyclopropenium (TACCy) pendant charges (Figure 9a)
where I"is expected to be high due to the low permittivity of PS.['371Additionally, the
unconventionally low dielectric permittivity calculated (e, = 2.5-3.0) for the BPE was believed to
contribute significantly to electrostatic cohesion due to the fact that it would increase the
Bjerrum length, thus further increasing /. Domain spacing (D) and degree of polymerization (N)
were found to be proportional (D « N) which signifies a highly extended, rodlike conformation.
For comparison; D scales as N'? in the weak segregation limit and N?® in the strong segregation
limit (for N >> 10) for neutral BPs.!!3® The combination of a stiff, styrenic backbone along with
large, planar charge moieties points towards low configurational entropy which likely promotes
chain extension. Additionally, the TAC-type cations used in this study have been shown to
preferentially coordinate to one another rather than to the surrounding counterions. This
consequently produces strong stacking arrangements which lack interposing counterions (located
radially) and are dominated by dispersion forces whose interplanar distance is akin to neutral n-
stacked arenes.['*” This stacking behavior would only further instigate chain stretching. Using a
simple geometric scaling model, they concluded that a balance between surface tension and
electrostatic repulsion between cations at the interface may play a role in stabilizing charged
matrix morphologies for this system (Figure 9a). The addition of LiTFSI salts was able to relax
chain extension via charge screening as shown by a decrease in domain spacing. Equilibrium
thermodynamics were however, brought into question. They annealed for 1 week at 150 °C
(supposedly Tg + 20 °C), the true equilibrium nature of the system was noted as being unclear,
since terminal annealing temperatures (generally T, + 50 °C, Vogel temperature) succeeded the
onset of degradation (160 °C). No description of T, characterization or reference was provided.
A previous study by Jiang et al. characterized the same polymer and measured no T, before

degradation.

Zhang and Coughlin also observed substantial phase asymmetry, along with a high degree of
chain stretching (D « N) for diblock and triblock BPEs where very bulky, tris(2,4,6-
trimethoxyphenyl)phosphonium Cl pendant ions (Figure 9a, red) constituted the charges along
the styrenic backbone of PS-b-PI diblock and PI-b-PS-b-PI triblock copolymers.['®" The bulky

trimethoxyphenyl side groups, along with the larger phosphonium ion (relative to ammonium)
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likely promote excluded volume effects which would thus encourage horizontal shifts; however,
the mechanisms controlling phase asymmetry in this system remain unclear. Phase asymmetry
was more evident in the diblock than in the triblock system. OOTs tend to shift towards lower
compositions of the terminal blocks of triblock copolymers,[!%2l which were neutral P in this
case. Hence, architectural effects may have slightly offset the phase asymmetry induced by
strong electrostatic cohesion in the midblock. Competing architectural factors such as this could
prove to be an interesting route for increasing charged volume fraction while maintaining a
desired morphology, in other words by limiting the asymmetric shift. The ionic conductivity was
however exceptionally higher in the diblock system, likely due to its charged matrix HEX
morphology whereas the triblock formed LAM, which hinders ion transport due to the formation
of grain boundaries.!”!¢!] One takeaway from these two studies is that bulky pendant charges

can greatly elongate the chain conformation which then promotes phase asymmetry/inversion.
3.2.2. Boundary inversion

Boundary inversion (defined in section 3.2) describes the change in phase behavior from mixing
with increasing temperature (UODT) to mixing with decreasing temperature (LDOT). Boundary
inversion is seldomly observed and can be caused by several factors, including volume reduction
upon mixing, mismatch in pure component free volume or compressibility, or competitive
interactions with different temperature dependencies. When multiple interactions exist, ASyix
generally remains positive as is typical while 4Hx can change sign from negative to positive
when enthalpic interaction terms have different temperature dependencies. Our focus here will
be to describe the few experimental systems which have observed LDOT behavior in strongly
interacting BPEs and to form thermodynamic arguments about how each term might be affecting

A Gmix-

To our knowledge, Sloan and Olsen were the first to observe LDOT behavior in solvent-
free/bulk BPEs using protonated poly(2-vinylpyridine)-b-POEGMA (P2VP-POEGMA ).l The
neutral blocks are fully miscible within the composition (0.07-0.70) and temperature (40-120 °C)
ranges studied but become immiscible upon protonation of the vinylpyridine block with strong
acids.[%>%1 All protonated samples displayed LDOT behavior wherein increasing acid content

from 0-100 mol% in the P2VP block decreased the Topr (increased yerr). Although the relative
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permittivity of the P2VP phase was less than or equal to that of the POEGMA phase, acid-base
interactions with the pyridine group provides a strong “solvation” preference for the acids into
the P2VP phase, thus increasing segregation strength. Kinetic restrictions, once again, likely
played a role in their observations as it was not possible to anneal above Ty at protonation levels
greater than 40% (T, = 120 °C at 40% protonation). For this reason, all morphological
characterizations were conducted by incrementally increasing the temperature from samples
solution casted out of water at room temperature. Regardless, consistent trends were observed.
The phase diagram remained relatively symmetric, with protonation level being more
comparable to salt doped BPEs dominated by solvation effects than to those more dominated by
electrostatic cohesion. However, the HEX morphology was suppressed at higher charge
compositions (fp2vp) with the LAM morphology stabilized in all samples up to fpave ~0.72-0.78,
although HPL was observed in a few instances at the highest protonation levels and lowest
temperatures studied. At the highest protonation level (100%), the HEX morphology was
stabilized up to fpove = 0.42, which is very unusual and signifies a horizontal shift in ordered
phases towards higher charge compositions as opposed to the opposite trend predicted by theory
and observed in other BPEs. The reasoning behind the observed LDOT behavior was suggested
to manifest from ions segregating into the lower dielectric phase. Since anions and ether groups
are repulsive towards each other, it can be assumed that the driving force behind the LDOT
behavior was a result of pyridinium-ether interactions which may be more dominated by H-

bonding rather than electrostatics.

Wang and Fan developed two unique BPE systems where boundary inversion can be intricately
tuned via a balance of competitive H-bonding and electrostatic interactions.[7!162-164 The first
system is LiClO4-doped poly(ethylene oxide)-b- poly(tert-butyl acrylate-co-acrylic acid) (Figure
10c). Increased miscibility due to H-bonding between opposing blocks results in a disorder-to-
order transition (DOT) upon heating. Salt-doping can increase segregation via preferential ion
solvation.[”®! Increasing temperature further resulted in an ODT (i.e., closed-loop phase
behavior), representative of a system with positive 4Sy.. The thermodynamic description
detailed by the authors goes as follows: The Gibbs free energy of mixing (4Gnix) can be written
as AGnix = AHy +AHc +AHy — TASyix where the enthalpy of mixing (4Hmix) 1s a sum of the vdW
(V), Coulombic (C), and H-bonding (H) contributions while the mixing entropies are

encapsulated into a single term (4Snix) which remains positive along with AHy and AHc. AHpy is
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negative, however, and its absolute value decreases quicker than 4Hy+4H¢ since H-bonding
strength weakens more quickly than Coulombic strength with respect to increasing temperature.
Hence, as temperature increases, 4H,;. flips from being negative to being positive which
contributes to miscibility and immiscibility, respectively. It was expected that the entropic term
would eventually dominate (AHpix — TASyix < 0) at even higher temperatures to result in mixing
and was evidenced by the single instance of closed-loop behavior. Increasing salt content causes
AHc to become more positive due to preferential ion solvation into the PEO phase in addition to
interfering with H-bonding through Li-ether complexation, which in turn decreases the lower
disorder-to-order transition temperature (Tpot) and increases the upper order-to-disorder

transition temperature (Topr).

A second BPE developed by the Wang and Fan consists of an alkyl imidazolium pendant
acrylate backbone (PAOEMIm-X) polymerized from a PEO block and illustrated in Figure 10a
below. H-bonding in this system originates from protons within the imidazolium rings rather
than acidic groups in the previous system (Figure 10c). Weakening of the H-bonding interactions
between imidazolium and ether groups with increasing temperature was noted to cause the
LDOT behavior. This observation was supported both by FT-IR spectroscopy measurements and
by the fact that mixtures of PEO in imidazolium ILs also display LCST behavior which is highly
dependent on H-bonding.['%] This also suggests that LDOT behavior observed in protonated
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Figure 10. (a) Chemical structure of poly(ethylene oxide)-b-poly(1-((2- acryloyloxy)ethyl)-3-
methylimidazolium) with X counterion (PEO-b-PAOEMIm-X) with a depiction of H-bonding
interactions between imidazolium rings, anions, and ether segments. Adapted with
permission.['%] Copyright 2018, American Chemical Society. (b) Chemical structure of LiClOs-
doped poly(ethylene oxide)-b-poly(tert-butyl acrylate-co-acrylic acid) (PEO-b-P(tBA-co-AA))
and depiction of fundamental enthalpic vdW, coulombic, and H-bonding interactions. Adapted
with permission.l’8! Copyright 2018, American Chemical Society. (c) Chemical structure of salt-
doped PEO-b-PAOEMIm-TFO with its Tpbor dependence on salt content and cation type.
Adapted with permission.['62) Copyright 2018, American Chemical Society (d) Methods for
controlling Tpor for the systems displayed in (a) and (c). Adapted with permission.l'®3] Copyright
2020, American Chemical Society.

P2VP-POEGMA by Sloan et al. may be more dependent on H-bonding rather than Coulombic
interactions.[s! Considerable phase asymmetry was also observed with ordered morphologies
favoring lower charge compositions and was most evident in samples with smaller counterions.
With bromide counterions, LAM appeared at fpaoemim-Br = 0.26 and an inverse HEX at fpaoEmim-
Br = 0.47. Phase asymmetry seems to be unique to the system depicted in Figure 10a as it is not
generally evident in other imidazolium pendant BPEs, regardless of counterion size.[87:196:167] For
the system in Figure 10a, increasing the imidazolium counterion size suppressed asymmetry and
increased miscibility due to a reduction in Coulombic strength and increased anion solvation.
Doping with Li-CF3SOs3 (Li-TfO) also increased miscibility due to competing solvation effects

between phases and was further exacerbated by increasing the cation size of the salt, although
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using a divalent cation (Mg?") produced the opposite effect due to ionic cross-linking (Figure
10c¢).1'62] The morphological complexity of this BPE has recently been intensified by increasing
the alkyl substituent length on the imidazolium ring, leading to a 3-level hierarchical structure

with a liquid crystalline mesophase.[!%4]

4. Future Perspective

Charged BPs offer design solutions for an array of applications in energy storage and conversion,
although the unique ability of charges to skew the location, size, and shape of ordered
morphologies within the block polymer phase diagram may very well expand the list of potential
applications. Understanding the role that electrostatic interactions play in the overall
thermodynamics of charge block polymer assembly is of focal importance in the design and

development of advanced soft material technologies.

We have highlighted several strategies which can be used to tune the morphology and improve
the performance (most commonly ion transport and/or mechanical properties) of charged block
polymers. Examples include nanoscale confinement of charges, interfacial segment/block
tapering, end-group functionality, support phase chemistry, and the covalent or non-covalent
immobilization of subordinate ions. The confinement of charges into nanoscale domains can
increase charge density (meq charge/volume), which is one unique feature that block polymers
offer and is a powerful approach to lowering the activation barrier for ion transport. Introducing
tapered interfacial segments/blocks can stabilize matrix morphologies desirable in electrolytic
applications, such as the gyroid phase (i.e., bicontinuous networks) which is relevant to
applications beyond those for lithium-ion batteries. Since block tapering also reduces Toprs, it
could also prove useful for studying systems with strong electrostatic interactions where the
attainment of equilibrium morphologies is impeded by thermal degradation. End-group
functionalization introduces tunability to one of the most dynamic segments of a polymer chain,
and thus affords a high degree of control over morphological and interfacial characteristics. The
implications that end-group functionalization could have on electrochemical applications
continues to be a prominent area of research. Covalent isolation of subordinate ions into the

mechanical support phase to produce single-ion conductors has improved transference of the
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primary ion while consequently promoting phase mixing due to strong ion-pair dissociation
interactions. The introduction of another neutral block or the reduction of charge fraction within
the support block might alleviate some of the mixing interactions associated with anti-
preferential solvation of counterions into the opposing phase. Coercion of anions into the support
phase via hydrogen bonding is a rather nascent technique utilized in cation electrolytes. It is a
promising and relatively simple technique which can be better understood by tuning parameters
such as the acidity, location, and density of hydrogen bond donors. Could we also find anions

which are more susceptible to hydrogen bonding, and would this improve performance?
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Figure 11. Summary of tunable factors discussed in this review that have been shown to
improve and/or have potential to improve the performance of BCEs. (a) Nano-confinement
of ionic domains, Adapted with permission.[%?] Copyright 2019, American Chemical Society.
(b) Interfacial tapering. Adapted with permission.[”) Copyright 2021, American Chemical
Society. (¢) Terminal functionalization. Adapted with permission.[®) Copyright 2017,
American Chemical Society. (d) Coercion of subordinate ions into the support phase via
non-bonded interactions. Adapted with permission.[”>) Copyright 2015, American Chemical
Society. (e) Covalent tethering of subordinate ions onto the support block to produce single-
ion conductors. Adapted with permission.l””! Copyright 2014, American Chemical Society.
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The isolation of parameters associated with ion thermodynamics is critical for the field to
improve our understanding of the impact of electrostatic interactions on the overall
thermodynamics of block polymers. Varying the linker spacing between pendant charges and the

backbone, in addition to the immobilization of counterions (i.e., formation of zwitterions) are
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two approaches which could further illuminate the impacts of ion translational entropy. The

direct comparison between small, bulky, and liquid-type charge moieties along the same

backbone would expose the enthalpic relationships and differences between them. Guided by

theory and scrutinized by experimentation, we will continue to elucidate the intricate nature of

electrostatics and the relationship it has with morphology and material performance.
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